As grown graphene by chemical vapor deposition typically degrades greatly due to the presence of grain boundaries, which limit graphene's excellent properties and integration into advanced applications. It has been demonstrated that there is a strong correlation between substrate morphology and graphene domain density. Here, we investigate how thermal annealing and electro-polishing affects the morphology of Cu foils. Ultra-smooth Cu surfaces can be achieved and maintained at elevated temperatures by electro-polishing after a pre-annealing treatment. This technique has shown to be more effective than just electro-polishing the Cu substrate without pre-annealing. This may be due to the remaining dislocations and point defects within the Cu bulk material moving to the surface when the Cu is heated. Likewise, a pre-annealing step may release them. Graphene grown on annealed electro-polished Cu substrates show a better quality in terms of lower domain density and higher layer uniformity than those grown on Cu substrates with only annealing or only electro-polishing treatment.
Background
As a two-dimensional monolayer of sp 2 -hybridized carbon atoms arranged in a honeycomb lattice, graphene has recently had a strong focus in academia and in industry due to its extraordinary properties [1] [2] [3] [4] . Chemical vapor deposition (CVD) [5] growth of graphene on metal catalytic substrates, e.g., Cu, has been shown to be the most promising method to date for the growth of large-area and high-quality graphene films [6] . However, degraded greatly by grain boundaries [7] [8] [9] , CVD-grown graphene films are typically polycrystalline [10] , limiting its integration into advanced technological applications. Therefore, synthesizing graphene with minimal crystalline defects and low domain density by eliminating the negative effects of grain boundaries is of great importance [11] .
It has been demonstrated that there is a close correlation between substrate morphology and graphene nucleation sites [12] [13] [14] . CVD growth of graphene is typically performed on commercial polycrystalline Cu foils. As-received Cu prepared by a cold rolling process often has many defects [12, 15, 16] , such as rolling lines, potential strains, impurities, and native oxide, which greatly impact the quality of the graphene. To improve the morphology of copper, a wide variety of pretreatment methods have been investigated, such as annealing [17] [18] [19] [20] [21] [22] [23] [24] , physical polishing [25] , etching [15, 26] , electro-polishing [13, [27] [28] [29] [30] , liquefying [31] , and melting-resolidification [32] . Among them, annealing and electro-polishing are the most widely employed due to increased efficiency and convenience. With the rearranging of Cu surface atoms, releasing internal stress in copper and growing Cu crystal size, annealing has become an indispensable step in graphene growth [21] [22] [23] . However, limited by the formation of step bunching and evaporation of Cu atoms [23, 33] , the surface of annealed Cu remains relatively rough which has a negative influence on graphene growth. Electro-polishing treatments can significantly improve the surface morphology of the substrate, which is critical to obtain homogenous graphene films as well as avoiding graphene adlayer formation [27, 34] . However, the defects of Cu such as etching pits and spike [28, 29] . Therefore, techniques to prepare ultra-smooth metallic substrates need to be investigated and improved upon.
In this work, we combined annealing and electro-polishing together for the preparation of smooth Cu substrates. Although electro-polishing is an efficient method to make smooth surfaces, graphene growth is normally conducted at high temperatures which may release the internal strain and move dislocations to the surface. This could cause the Cu surface to be roughened again. Here, we annealed the Cu substrate before electro-polishing to release the residue strain and defects. In this way, the surface reconstruction due to strain release when growing graphene at high temperatures was significantly restricted and the electro-polished surface could be maintained. We demonstrated that the domain density of graphene grown on such Cu substrates is greatly reduced compared to those on just an annealed or an electro-polished Cu substrate. Our method to prepare smooth substrates benefits the synthesis of not only graphene but also other thin-film or two-dimensional materials.
Methods

Cu Foil Preparation
For as-received Cu (AR-Cu), Cu foils are from Alfa Aesar (25 μm, 99.8%, #46365).
For annealed Cu (AN-Cu), the AR-Cu foils were annealed at 1050°C in hydrogen under 6.8 Pa for 1 h.
For electro-polished Cu (EP-Cu), the test Cu foil is used as the anode and a second piece of satisfying Cu foil as the cathode. The electrolyte consists of 500 ml phosphoric acid, 250 ml acetic acid, and 250 ml isopropyl alcohol. The current density is about 47 A/m 2 . The polishing time is 30 min.
For electro-polished annealed copper (EA-Cu), the Cu foil is annealed and then electro-polished.
For annealed electro-polished copper (AE-Cu), the Cu foil is electro-polished and then annealed.
Graphene Growth and Transfer
In this work, a common atmospheric pressure CVD system was used to grow graphene, equipped with a dry mechanical vacuum pump [35] (Chengdu Hao-Shi Technology Ltd.). For graphene growth, various Cu substrates (2 × 1 cm 2 , respectively) were put on a quartz plate and heated to 1050°C at a rate of 17.5°C/min. Then, the substrates were annealed at atmospheric pressure with 200 sccm argon (Ar) and 4 sccm H 2 flow at 1050°C for 30 min. After annealing, 1 sccm flow of 1% CH 4 /Ar mixture was introduced to the chamber for graphene growth. Isolated domains or continuous films were achieved by controlling the growth time. The Cu foils were placed in parallel so as to exclude the effect led by the difference of the gas transportation [36] .
Graphene transfer was conducted with the PMMA-wet transfer method [5] . Two hundred eighty-five-nm-thick SiO 2 /Si wafers were used as the support substrates.
Characterization
Optical microscopy (Nikon, ECLIPSE LV100D), atomic force microscopy (AFM; Veeco D5000), Raman spectroscopy (Renishaw Invia, λ = 532 nm), and van der Pauw-Hall measurements (VDP-H; Copia, HMS-5000) were conducted for detailed characterizations. For van der Pauw-Hall, about 1 × 1 cm 2 transferred graphene samples were annealed in the CVD chamber under vacuum at 200°C to remove the adsorbed gas in air first and then characterized.
Results and Discussion
Cu Foil Preparation Figure 1 shows the morphologies of the Cu foils prepared with different treatments by optical microscopy (OM). As shown in Fig. 1a , the surface of AR-Cu displays large corrugation in both bright field (BF) and dark field (DF). From Fig. 1b -e, it can be seen that the pretreated Cu substrates have smoother surfaces.
Atomic force microscopy (AFM) characterization provides quantitative understanding on different treatment methods, as shown in Fig. 2 . Apparently, the AR-Cu has a really rough surface with the root mean square (RMS) roughness of 20.30 nm. As reported, both thermal annealing and electro-polishing can effectively smoothen the surface [12, 18, 27, 37] , reducing the surface roughness to 5.62 nm and 4.27 nm, respectively. In addition, a combination of thermal annealing and electro-polishing, i.e., either thermal annealing after electro-polishing or electro-polishing after thermal annealing, can further reduce the surface roughness to 2.01 nm and 0.80 nm, respectively. The surface of the EA-Cu being smoother than the AE-Cu can be attributed to the fact that thermal annealing can help to release the residue internal strain and dislocations. Thus, if the Cu substrate is electro-polished after annealing, as the residue internal strain and dislocations have been released, the surface can be well polished. On the other hand, if the Cu substrate is annealed after electro-polishing, although a smooth surface can be achieved by electro-polishing, during the annealing process, the surface may be reconstructed due to the release of the internal strain and the motion of the dislocations to the surface and thus the final roughness is impacted.
Graphene Growth
It has been reported that graphene domain density and thickness uniformity are correlated to the surface roughness of the Cu substrate [12, 23, 34, 38] . From Fig. 3a-c , it can be seen clearly that the graphene domain density decreases with the decrease of the Cu surface roughness. The domain density of graphene on AR-Cu (defined as AR-Gr) is considerably high up to 1.16 × 10 4 cm −2 (Fig. 3a) . That of graphene on EP-Cu (defined as EP-Gr) drops by 2.25 times, with only 5.2 × 10 3 cm −2 (Fig. 3b) . That of graphene on EA-Cu (defined as EA-Gr) further drops to 1.7 × 10 3 cm −2 , 7.3 times lower than that of AR-Gr and 3.2 times lower than that of EP-Gr (Fig. 3c) . Figure 3d shows the statistical analysis of the graphene domain density on the three surfaces (AR-Cu, EP Cu, and EA-Cu, respectively), which quantitatively show the effect of Cu surface roughness on graphene nucleation density. All are consistent with previous work. It can also be seen that the growth rate of EA-Gr is greatly enhanced compared to the other two Cu foils.
The OM images of the transferred graphene with typical distribution of adlayers are shown in Fig. 4a -c, and the histogram statistical graph of graphene adlayer density is shown in Fig. 4d for AR-Gr, EP-Gr, and EA-Gr, respectively. As expected, the smoother the surface, the less adlayers. The AR-Gr is inhomogeneous with many adlayers, with an average adlayer density of 7.3 × 10 3 cm −2
( Fig. 4a) . The adlayer density of EP-Gr is reduced by four times with only 1.8 × 10 3 cm −2 (Fig. 4b) . The EA-Gr is the most homogeneous with the adlayer density only about 2 × 10 2 cm −2
, 36 times lower than that of AR-Gr and 9 times lower than that of EP-Gr. AFM images corresponding to each transferred graphene are also shown, inset upper right corner. The spectral RMS amplitude of AR-Gr, EP-Gr, and EA-Gr are 245.2 pm, 175.7 pm, and One of the major reasons to reduce graphene domain density is that the domain boundaries are thought to be one of the defects deteriorating graphene quality, e.g., electrical transport performance. Raman spectroscopy is commonly used for graphene characterization and the intensity ratio of the D band to the G band (I D /I G ) is correlated to graphene defect density [39] . Figure 4e , f shows the Raman spectra and histogram statistical graph of ID/ IG of the three kinds of graphene. The EA-Gr has the most perfect crystalline structure with nearly no D peak. Generally, I D /I G is~10 ± 5% for the AR-Gr,~5 ± 2% for EP-Gr, and~1 ± 1% for EA-Gr. That is, the smoother the substrate surface, the higher the quality of graphene.
Electrical Transport Performance of Graphene
The van der Pauw-Hall measurement is commonly used to characterize the electrical transport performance of thin films. Sheet resistance, carrier density, and carrier mobility can be measured or derived. However, in most of the cases, the measured carrier mobility from different graphene samples do not correspond to the same carrier density due to the unintentional doping from the surroundings. For these cases, the carrier mobility is not comparable because it is a function of carrier density [40, 41] . Here, we conducted the van der Pauw-Hall measurement on annealed graphene, which had an initially low carrier density. The carrier density increased with time due to the dopant adsorption from the surroundings and the corresponding carrier mobility could be measured. The measured carrier mobility and sheet resistance as a function of carrier density for the three kinds of graphene are shown in Fig. 5 . It can be seen that the EA-Gr shows the best transport performance with the highest carrier mobility and the lowest sheet resistance.
Conclusions
In summary, we presented an efficient route to prepare ultra-smooth substrates by first annealing and then electro-polishing commercial copper, which is more effective in achieving a smooth surface than just annealing or electro-polishing alone. This is attributed to the fact that thermal annealing can release the residue internal strain and dislocation, thus the smooth surface achieved by electro-polishing can be preserved at elevated temperatures for graphene growth. The efficiency of the smooth surface prepared in this way was demonstrated by the reduction of graphene domain density, adlayer density, defect density, and the improvement of electrical transport performance. 
